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THE 1200° C CYCLIC OXIDATION BEHAVIOR OF TWO NICKEL-ALUMINUM ALLOYS 


(Ni3AI AND NIAI)  WITH ADDITIONS OF CHROMIUM, SILICON, AND TITANIUM 


by Carl  E. Lowell and Gilbert J. Santoro 


Lewis Research Center 


SUMMA RY 

Nickel-aluminum alloys Ni3Al ( y ' )  and NiAl (p )  with and without smal l  additions (up 
to  3 at. %) of chromium, silicon, and titanium replacing the aluminum were cyclically 
oxidized at 1200' C up to  200 hours. The 1200' C temperature,  although higher than 
normal superalloy operating temperatures,  was chosen to accelerate the oxidation pro­
cess .  Each cycle consisted of 1 hour at temperature followed by 40 minutes of air cool­
ing. Alloy B- 1900, a typical y'- strengthened nickel-base alloy, was given the same ex­
posure for comparison. The degree of attack was  judged pr imari ly  by metal-recession 
(metal- loss  and depletion- zone) data supplemented by weight- change, metallographic, 
electron-microprobe, and X-ray diffraction data. 

The oxidation resis tance of y' was unaffected by titanium and degraded by chromi­
um. Silicon markedly improved the oxidation resistance of y' ,  especially at the 1­
atomic-percent level. A sharply defined metal  depletion zone was found at the metal-
oxide interface in all y' alloys. 

The oxidation resistance of p w a s  unaffected by silicon and degraded by chromium. 
While titanium additions, especially at the 1-atomic-percent level, substantially re­
duced spalling, the resultant improvement in oxidation resis tance in t e r m s  of metal  re ­
cession was only slight. No depletion zone was  found in any of the p alloys. 

As a class ,  the y' alloys had poorer cyclic oxidation resistance than the p alloys. 
However, the best of the y' alloys, Ni-24Al-lSi, was nearly as oxidation resis tant  as 
unalloyed p. Alloy B- 1900 oxidized as much as Ni-22A1-3Cr. 

INTRODUCTION 

The nickel-aluminum (Ni- Al) system is of fundamental importance to  nickel- base 
superalloys. The matr ix  of such alloys is a nickel-solid solution (y ) ,  while the main 



strengthening phase is Ni3A1 (7'). When an oxidation- resis tant  coating is needed, NiAl 
(0) is often applied. Chromium (Cr),  silicon (Si), and titanium (Ti) are not only com­
monly present in nickel-base superalloys, but they a r e  a lso strong oxide formers .  
These elements a r e  frequently found as major elements in the oxidation products of Ni­
base superalloys (ref. l). An understanding of the oxidation behavior of y, y ' ,  and p 
and how that behavior is affected by chromium, silicon, and titanium could contribute 
to an  understanding of the oxidation behavior of Ni-base superalloys and their  coatings. 

While much has been reported on the oxidation of the Ni-Cr system (refs.  2 to 4), 
little information is available on the Ni-A1 system (refs. 3 to 5) and even l e s s  on ter­
nary Ni-A1 base alloys (refs. 2, 6, and 7) .  

A systematic high-temperature (900' C) investigation of the Ni-A1 system is given 
by Pett i t  (ref. 5). Briefly, he found that binary Ni alloys with 31 or  more  atomic per­
cent A1 formed a single external scale  of A1203. The oxidation kinetics were parabolic, 
with a ra te  constant about three o rde r s  of magnitude l e s s  than that of pure Ni. Alloys 
with less A1 formed complex multi-phase sca les  and were less oxidation resistant.  Ref­
erence 8 showed that large additions of C r  reduced substantially the amount of A1 re­
quired to  form only A1203. In the Ni-A1-Si system, only isothermal tests on dilute 
alloys ( y )  were reported (ref. 9). Between 1000° and 1200' C, the more  oxidation-
resis tant  alloys were those with high Si and A1 content. Some y-phase Ni-Ti alloys 
were studied (ref. 10) between 1000° and 1200' C. The data showed that increasing Ti  
increased the rate of oxidation. 

In general, the literature data are predominantly isothermal and for  shor t  t imes 
( 5 2 0  hr). A few cyclic tests were run over 200 hours, but only net weight changes were 
reported in reference 11. 

The current  work is an  extension of the work of reference 12, which was  a system­
at ic  study of the oxidation of y, y ' ,  and P alloys with additions of 1, 3, and 10 atomic 
percent Cr, Si, and Ti.  Cyclic and isothermal 100-hour t e s t s  were performed in that 
investigation at l l O O o  C. Evaluation of the performance of the alloys was  based pri­
mari ly  on weight change and metal  recession. The three major findings of the investi­
gation reported in reference 12 were (1)all y alloys had poorer oxidation resis tance 
than pure Ni had, (2) only 1- and 3-atomic-percent-Si additions improved the oxidation 
resistance of y', and (3)  1- and 3-atomic-percent additions of Cr, Si, and T i  had only 
a smal l  effect on the oxidation resis tance of p. 

The object of the present work was to  more clearly define the effect of smal l  addi­
tions (up to  3 at. of Si, Cr ,  and T i  on the cyclic oxidation of y' and 0. Each cycle 
consisted of 1hour at temperature followed by 40 minutes of air-cooling. To acceler­
ate  the oxidation process,  1200' C was selected for the tes t  temperature.  This was 
considered to be necessary,  since the oxidation rates of the better compositions in ref­
erence 12 were near  the l imits of detection, especially when evaluated by metal­
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recession (metal- loss  and depletion- zone) measurements.  Even at 1200' C, it was 
found necessary to  continue the @-alloy tests to  200 hours to  get sufficient oxidation in  
order  t o  rank the alloys. Alloy B-1900, one of the more  oxidation-resistant superalloys, 
and one in  which y' is the major  phase (-65 vol. %), was also tested fo r  comparison. 
Alloy thickness changes and weight changes were measured. The oxidation products 
were examined by X-ray diffraction and metallography. 

EXPERIMENTAL PROCEDURES 

Sample Preparation 

Alloys were prepared by vacuum casting. The chemical analysis of the start ing 
mater ia ls  is given in table I(a). Nickel was heated to  its melting point in  an A1203 cru-

TABLE I. - CHEMICAL ANALYSES 

Matc r i a l  

Nickel rod  
Aluminum shot 
Chromium pel le ts  
Titanium wi re  
Sil icon ingot 

(a )  Star t ing m a t e r i a l s  

Pu r i ty ,  Imyur i t i e s ,  ppm 
wt.  r ;  

Si Fe 

99.99 _ _ _  _ ­

99.99 60 20 
99.999 100 10 
99.97 250 60 

(a) _ _ _  _ _  

(b) Alloy composi t ions 

Nominal composition. a t .  

y' 
~ 

Ni-25Al 

Ni- 2 4A1- 1Cr 

Ni- 2 2A1- 3C r  


Ni-24A1- 1Si 

Ni-22A1-3Si 

Ni- 22A1-3Ti 


3 

Ni- 50A1 

Ni- 49A1- 1Cr  

Ni- 47A1- 3Cr  

Ni- 49A1- 1 %  


Ni- 47A1-3% 

Ni- 49A1- 1Ti  

Ni- 47A1- 3Ti  


aSemiconductor Srade. 

'; \Ac tua l  
I 

al loys 

Ni-24. SA1 

Ni-24. 5A1-0. 78Cr 

Ni- 22.6A1- 2 .9Cr  

Ni- 23. 6A1- 1. OSi 

Ni-22.9A1-2.9Si 

Ni-22.OA1-3.4Ti 


al loys 

Ni-50.5A1 

Ni- 48. 8A1- 1.1Cr 

Ni-47. 6A1-2. 6Cr 

Ni- 48.8A1- 1.1Si 

Ni- 46. 8A1-2.9Si 

Ni-49.6A1-1. 1Ti  

Ni-47.6A1-3.1Ti 
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cible under a vacuum of 1t o  10 to r r .  The other elements were then added to  the Ni mel t  
under 50 t o r r  of argon. The melt  was poured into a preheated (870' C) zircon mold hav­
ing 1.9-centimeter- (3/4-in. - )  diameter by 10.2-centimeter- (4-in. - )  long cylindrical 
sample section. The pour temperature  was between 1425' and 1675' C, depending on 
the composition of the melt. The castings were annealed 24 hours at 1200' C in  sealed 
quartz tubes that had been evacuated and backfilled with argon. The purpose of the an­
nealing treatment was to  prevent grain growth during oxidation. The castings were then 
center less  ground t o  remove surface scale and t o  provide a surface finish to 32 r m s  or  
better. The cylinders were sl iced into 2-millimeter-thick disks,  and a hole was dril led 
or e lectr ic  discharge machined near  the edge of each disk so it could be suspended in  
the furnace. The flat surfaces  were polished to  a 1/2 micrometer  finish. Experience 
here at Lewis indicates that  this surface finish resu l t s  in  reproducible oxidation rates. 
Before oxidation, mater ia l  was provided from each casting for chemical analysis, metal­
lography, and X-ray diffraction. 

Table I(b) shows that the actual composition in  every case  is close to  the nominal 
composition. Each composition represents  one casting from which came all the oxida­
tion specimens and mater ia l  for analysis.  The nominal compositions are used through­
out this report .  All compositions are given in atomic percent except where noted. 

Typical as-cast  microstructures  a r e  shown in figure 1. In all cases  except the 
Ni- 49A1- lSi, the samples  were single phase and large grained. The Ni- 49A1- 1Si had 
some second phase, although it was not detected by X-ray diffraction. The X-ray dif­
fraction patterns were all single phase of the kind anticipated from the chemistry of the 
alloys. 

Testing Procedure 

Measurements. - Thickness measurements  before oxidation testing were taken at 
eight positions along the diameter of each specimen with a bench micrometer .  After 
oxidation, the specimens were  cross-sectioned along the diameter of the previous meas­
urements,  polished, and etched. The thickness of the alloy and the depletion zone when 
present were measured with a filar eyepiece at approximately the same eight positions. 
The average of the differences in  thickness before oxidation and the thickness of the un­
affected alloy after oxidation is taken as the alloy recession. The precision of the thick­
ness  measurement,  under the best of circumstances,  was 0.005 mill imeter.  Where the 
interface between the reacted alloy and the unaffected alloy was highly i r regular ,  the 
accuracy decreased by as much as an order  of magnitude. 

-Cyclic oxidation test. - Cyclic oxidation was car r ied  out at 1200' C in  still air for a 
total  t ime at temperature of up to 200 hours. Each cycle consisted of 1 hour at tempera­
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(a) Nickel - 24-aluminum - 1-silicon alloy (y'). 

d 


.4 

(b) Nickel - 49-aluminum - 1-titanium alloy 

Figure 1. -Typical microstructures of as-cast 7' and B alloys. Alloy compositions given in atomic 
percent. Samples etched; XZK). 

5 




?: ,-Pneumatic cyl inder Pneumatic cycl inder7,
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&

,\! r Solenoid valve 

, ay I 
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::g 
lil Compressed a i r  

,
'C 

Solenoid valve 

,-Pneumatic 
cy1inder 

\'-Spa11 collector 

,-Sample 

-Thermocouple 

/-Furnace tube ,r Fu rnace tube 

(a) Cooling position. (b) Heating position. 

Figure 2. - Automatic cycl ing and spall-collecting apparatus. 

1tu re  followed by 40 minutes of cooling in  ambient air outside the furnace. It took 12 min­
utes  for  the specimens to  reach  temperature  when inserted in  the furnace. When with­
drawn from the furnace, the specimens cooled to 550' C in 1 minute and reached room 
temperature in 7 minutes. AS shown schematically in figure 2, the samples  were auto­
matically cycled in and out of the furnace by a pneumatic cylinder controlled by t imers  
operating solenoid valves. The apparatus was equipped with a spa11 collector that was 
automatically positioned under the sample during the cooling portion of each cycle. Thus, 
spal ls  could be collected and analyzed. The specimens were periodically weighed be­
tween cycles. After oxidation, the specimens were analyzed by X-ray diffraction. The 
retained scales  were X-rayed in  situ on the diffractometer,  the spal ls  in the Debye-
Scherrer  camera.  The c ross  section of each specimen was examined metallographically. 
The etchant in each case consisted of 92 par t s  hydrochloric acid, five par t s  sulfuric acid, 
and three par t s  nitr ic acid. 
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RESULTS AND DISCUSS ION 

The alloys Ni3Al ( y ' )  and NiAl ( p )  with and without smal l  additions (up to  3 at. %) of 
Cr, Si, and Ti were cyclically oxidized at 1200' C for up to  200 hours. Each cycle con­
sis ted of 1hour at temperature in static air followed by 40 minutes of air cooling. Alloy 
B- 1900 was s imilar ly  oxidized for comparison. Specific- weight change, X-ray diffrac­
tion, metallographic, electron- microprobe, and metal-recession data were obtained. 
The resu l t s  of this investigation are presented in the following sections. 

S pecif ic-Weigh t Change 

The specific-weight-change resu l t s  are shown in figures 3 and 4. All y' alloys 
and the B-1900 alloy consistently lost weight. Only the y' alloys with 1 and 3 atomic 
percent Si lost less weight than unalloyed y' .  Alloy B-1900 lost more  than any other 
sample. 

The weight change of the p alloys was, in general, much less than that of the y' 
alloys and of the B-1900 alloy. The exception to  this behavior was the p - 3-atomic­

-301 I I !& 
0 20 40 60 80 100 

Accumulated time at 1200° C, hr 

Figure 3. - Cyclic oxidation data for y' alloys compared 
wi th  data fo r  t he  B-1900 alloy. Compositions of alloys 
given in a t m i c  percent. 
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I 1 1 I 1 I I I 
0 20 40 60 80 100 120 140 160 180 200 

Accumulated t ime at 1200° C, hr 

Figure 4. - Cyclic oxidation data f o r  B alloys compared wi th  data fo r  the 8-1900 alloy. Compositions of alloys 
given in atomic percent. 

percent-Cr alloy, which lost about the same amount as unalloyed y' .  Since the weight 
changes of p compositions were slight, those alloys with the least weight losses  were 
oxidized for longer t imes  (200 cycles instead of 100). The Si additions did not signifi­
cantly affect the weight change of the 0 alloys. This is in contrast  to  their  effect on 
the y' alloys. The Ti additions, however, substantially decreased the weight loss  of 
p. In fact, the p - 1-atomic-percent-Ti alloy gained weight for the entire 200 cycles, 
the only alloy in  the entire study which did. As in the case of the y' alloys, C r  addi­
tions to p increased the amount of weight loss.  

Although weight change has become the classic  measurement by which comparative 
oxidation resistance is judged, it is not an unambiguous cri terion. Weight change values 
can be misleading because of vaporization of alloy or  scale components and/or spalling 
of scales .  Since the actual amount of metal  consumed (or appreciably al tered)  is a more  
real is t ic  measure of oxidation resistance,  a determination of sample- thickness change 
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might be a more meaningful measurement than weight change. Thus, in this study we 
repor t  both weight change as a function of t ime and final thickness change. 

Metal Recession 

Thickness-change data are given in figure 5 for  y' alloys and in  figure 6 for /3 
alloys. For the y' alloys, two values are recorded - the meta l  loss  per  side and the 
thickness of a depletion zone. This  depletion zone is thought to be a surface layer of y 

and is discussed more  fully in  the section dealing with metallography and electron micro-
probe analysis. 

As shown in f igure 5, the total  alloy recession (metal  loss  and depletion-zone thick­
ness )  of y' is increased by Cr additions, essentially unaffected by Ti, and significantly 
decreased by Si. The improvement brought about by the addition of 1atomic percent Si 
is indeed outstanding, as the oxidation resis tance is comparable to  that of the unaltered 

composition, which is generally considered to have good oxidation resis tance (see 
fig. 6).  The B- 1900 alloy exhibited more  total alloy recession than any of the experi­
mental  y' compositions. 

Depletion zone thickness 
Metal loss per side 

Very 
i r regu la r  
depletion 
zone-

I I 

" Ni-25AI Ni-22AI-3Cr Ni-22AI-3Sip B-1900 

Ni-24AI-1Cr Ni -24AI- lS i  Ni-22A I-3Ti 

Figure 5. - Recession data fo r  y'  alloys compared w i th  data for the B-1900 alloy 
after 100 one-hour  cycles at 1200° C. Al loy compositions given in  atomic 
percent. 
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70 r 100 Cycles? 

I 

~ 

N i - :r Ni-47AI-3Si Ni-47A I-3Ti 
N i-49A l - 1Cr Ni-49AI-1Si N i-49AI-1Ti 

Figure 6. - Recession data for p alloys after 200 one-hour  cycles (except where 
noted otherwise) at 1200° C. Al loy compositions given in atomic percent, 

Figure 6 depicts the metal  recession experienced by the /3 compositions. No de­
pletion zones were noted in  any of these alloys. In figure 6, an extremely detrimental  
effect of Cr  is noted. Within the l imits  of the thickness measurements (*5 pm) ,  the Si 
additions appear to have no significant effect on the recession of p, and any beneficial 
effect of Ti  must  be considered small .  

A comparison of the weight and thickness data for p and p + 1 percent Ti indicates 
that the T i  addition has resulted in some improvement in spal l  res is tance of the A1203 
scale.  However, any improvement is clouded by the e r r o r  in  the thickness measure­
ments. 

X-Ray Diffraction 

Except for the alloy with the Ti  addition, all of the y' alloys had the same  oxide 
phases both retained on the samples  and in their  spal ls  (see table II(a)). These oxides 
were NiO, NiA1204, and A1203. The y' - 3-atomic-percent-Ti sample had, in addition 
t o  these oxides, NiTi03 in the spall. The oxides formed on B-1900 were NiO, A1203, 
NiA1204, and a t r i rut i le  s t ructure  of undetermined composition. In the B- 1900 spalls,  
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TABLE II. - X-RAY DIFFRACTION DATA FOR 3 '  AND 13 

ALLOYS AND FOR THE B- 1900 ALLOY AFTER 

100 ONE-HOUR CYCLES AT 1200' C 

(a) 1.' al loys and B- 1900 alloy 

Alloy 

(a) 

Ni- 25A1 

Ni-24A1- 1Ci 

Ni- 22A1- 3Ci 

Ni-24A1- 1Si 

Ni-22A1-3Si 

Ni- 22A1- 3Ti 

B- 1900 

Retained sca l e  Spall  

Oxide Pa t t e rn  Oxide 
.ntensity 

NiO Strong NiO 
NiA1204 Medium NiA1204 
CY A1203 Medium CY A1203 
Ni 0 Strong NiO 
NiA1204 Medium NiA1204 
cy A1203 Weak CY A1203 
Ni0 Strong NiO 
NiA1204 Weak NiA1204 
CY A1203 Weak A1203 
NiO Strung NiO 
NiA1204 Weak NiA1204 
CY A1203 Weak (Y A1203 
NiO Strong NiO 
N A1203 Strong CY A1203 
NiA1204 Weak NiA1204 
N A1203 Strong NiO 
NiA1204 Medium NiA1204 
T i 0 2  Wcak NiTi03 
NiO Strong NiO 
Trirut i lc  Strong T r  irut ile 
N A1203 Weak Spine 1 
Spinel Weak 

Pa t t e rn  
intensity 

Strong 
Medium 
Medium 
Strong 
Weak 
Weak 
s t rong  
Medium 
Weak 
Strong 
Weak 
Weak 
Strong 
Strong 
Weak 
Strong 
Mediuin 
Weak 
St1-0 ng 
Medium 
Weak 

__--

Spall 

N A1203 
N A1203 
CY A1203 

A1203 

(b)  , j  a l loys 

Alloy Retained scale  

(a) 
~ 

Ni-50A1 N A1203 
Ni-49A1- 1Si CY A1203 
Ni-47A1-3Si N A1203 
Ni-49A1- 1Ti N A1203 
Ni-4 7A1-3Ti cy A1203 b~ A1203 
Ni-49Al-1Cr N A1203 

ff A 5 0 3  
Ni-47A1-3Cr N A1203 CY A1203 

aAlloy compositions i n  a tomic pe rcen t .  

bAssumed oxide; insufficient s ample  f o r  analysis .  
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A1203 was not found, but NiO, NiA1204, and the t r i rut i le  oxide were. 
Only A1203 was found on the .B alloys (see table II(b)). The spal ls  from these al­

loys were spa r se  and, therefore,  meaningful X-ray diffraction resu l t s  were most  diffi­
cult to  obtain. However, since only A1203 was found on all p alloys in si tu,  it s eems  
reasonable to  assume that the smal l  amount of spa11 must  have consisted of A1203 also.  
For those oxides which exist  over a range of compositions (i.e . ,  NiO and the spinels), 
differences in lattice parameters  were sought. However, no meaningful differences 
among the oxides of the same  c lass  were found. 

Metallography and Electron Microprobe Analysis 

All of the y' alloys had s imilar  microstructures ,  Typical of these microstructures  
is that of the y' - 3-atomic-percent-Si alloy (fig. 7 )  after 100 cycles at 1200' C. It is 
distinguished by a large grain s ize  and a surface depletion zone. A sharp  boundary sep­
a ra t e s  the depletion zone from the inter ior  of the sample. Such surface layers  were pre­
viously found on these alloys after l l O O o  C exposure (ref. 12) and identified as nickel 
solid solution (7). 

Depletion 
zone 

Figure 7. - Mic ros t ruc ture  of nickel  - 22-atomic-percent-aluminum - 3-atomic-percent-sil icon 
alloy (y') after 100 one-hour cycles at 1200" C. (Note depletion zone, w i th  sharp boundary.) 
This s t ruc tu re  i s  typical of a l l  y '  alloys tested. Sample etched; X250. 
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To confirm the earlier evaluation of the depletion zone (ref. 12), an electron micro-
probe analysis was performed on the y' - 3-atomic-percent-Si sample.  Figure 8 illus­
trates the resu l t s  of that analysis. The sharp boundary of the microstructure  is asso­
ciated with a sharp  drop in A1 and Si. To  determine i f  this depletion was accompanied 
by a phase change, the oxide and mounting mater ia l  were stripped from the alloy. Pow­
de r  samples  were then ground from the surface,  and X-ray diffraction analysis was per­
formed on these samples.  This  analysis showed that the surface layer had transformed 
t o  y. 

I- S c a l e L  

-Depletion zone 

Crack 1 
2 80 
c 


I I I I 
40 60 80 100 

Distance from oxide surface, I n -

Ni  

A! 

Si 

I I d 
120 140 160 

Fiyure 8. -Microprobe traces of nickel - 22-atomic-percent-aluminum - 3-atomic-percent­
si l icon alloy ( y ' )  after 100 one-hour cycles at 1200° C. 

One might expect that once a layer of y was formed at the oxide-metal interface, 
the oxidation rate would accelerate to that of y. However, this does not occur. There­
fore ,  the oxidation behavior must not be controlled by the depletion-zone composition. 
Instead, the oxide, which never completely spal ls  and whose initial composition was 
determined by the original y' ,  probably influences the oxidation in its latter stages.  

Another feature of interest  in figure 8 is the indication of some Si in an  otherwise 
Al-rich scale.  Although the form or  distribution of this Si in  the scale  is presently not 
known, its presence in  the scale  is probably responsible for  the noted improvement in  
oxidation resis tance of the Si- containing y' compositions. 

The microstructure  of B-1900 is shown in figure 9. The interior of the sample is y 
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'* '3 IDepletion

I zone 

Figure 9. - M ic ros t ruc tu re  of 8-1900 alloy after 100 one-hour cycles at 1MO" C. (Note surface 
depletion.) Sample etched; X100. 

Figure 10. - M ic ros t ruc tu re  of nickel  - 49-atomic-percent-aluminum - 1-atomic-percent-t i tanium 
alloy @3)after 200 one-hour cycles at 1200" C. (Note un i fo rm oxidation, w i th  no  depletion zone ) 
Sample etched; X500. 
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and y ' ,  with carbides pr imari ly  at the grain boundaries. On the outside edges is a de­
pletion zone of y. This zone a l so  contains what appear to  be pores  near  the surface,  
which may be Kirkendall voids. 

The p alloys all have s imi la r  microstructures .  They are typified by the p + 1­
atomic-percent-Ti alloy shown in figure 10. This microstructure  consists of large 
grains  with no evidence of a depletion zone. 

SUMMA RY OF RESULTS 

In this investigation, samples of nickel-aluminum alloys Ni3A1 ( y ' )  and NiAl ( p )  
with and without smal l  additions (up to 3 at. %) of chromium, silicon, and titanium were 
oxidized. The commercial  nickel-base superalloy B- 1900, which is typical of y'­
strengthened nickel-base alloys, was oxidized for comparison. Alloy B- 1900 is one of 
the more  oxidation-resistant alloys. The samples  were exposed to static air at 1200' C 
for up to 200 cycles. 
utes of air cooling. 

Each cycle consisted of 1 hour a t  temperature followed by 40 min-
The degree of attack was judged pr imari ly  by metal  recession, sup­

plemented by specific weight changes, metallography, electron-microprobe analysis,  
and X-ray diffraction. The resu l t s  of this investigation may be summarized as follows: 

1. As a class ,  the y' compositions oxidized more  rapidly than the p compositions. 
2. Silicon additions to  y' compositions decreased the metal  loss  to values about the 

same  as those for the pure p compositions. However, this decreased metal  loss  of y' 

compositions is accompanied by the formation of a surface depletion zone. The forma­
tion and the effect of this zone on oxidation resis tance are not fully understood. 

3 .  Titanium had little effect on the oxidation resis tance of y' compositions. 
4. Chromium additions t o  the y' composition decreased its oxidation resis tance 

substantially, with the addition of 3 atomic percent chromium being more  deleterious 
than the addition of 1 atomic percent. 

5. The B- 1900 alloy oxidized the same as the Ni-22A1-3Cr alloy. 
6. Titanium additions offered only a slight improvement to  the oxidation resis tance 

of the p composition. 
7. Silicon additions had little effect on the oxidation of the p c3mposition. 
8. Chromium additions, especially 3 atomic percent chromium, markedly decreased 

the oxidation resis tance of the p composition. 

CONCLUDING REMARKS 

Small  third element additions can substantially alter the cyclic oxidation resis tance 
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of the nickel-aluminum alloys Ni3Al ( y ' )  and NiAl (p) .  However, this determination re­
quires  sufficiently severe  test conditions (for the present  investigation, 1200' C for  up 
t o  200 one-hour cycles). This is especially t rue  in  the case of the alloys, for which 
lower temperature tests could not differentiate the effects of chromium, silicon, and 
titanium. 

If the silicon improvements on y' could be translated t o  superalloys,  their  oxida­
tion would be nearly that of current  NiA1-coated alloys. This  possibility may be particu­
lar ly  applicable for alloys containing a high volume percent of y', such as NX-188 of 
P ra t t  & Whitney Aircraft ,  NASA WAZ-20, and B- 1900. Presently,  B- 1900, NX- 188, 
and WAZ-20 contain silicon only as a t ramp element impurity. The effect of silicon ad­
ditions on the oxidation behavior of such complex alloys is not easy to predict  on the basir 
of the behavior of ternary alloys. But, i t  would be interesting to  observe the effects 
of 1- to  3-atomic-percent additions of silicon to  these superalloys of high y' content. 
A more  systematic approach which might lend itself to  easier interpretation would be 
the inclusion of silicon additions to  experimental two-phase ( y  + y ' )  binary nickel-
aluminum compositions. Specifically, attempts should be made to  find the optimum 
compositions and to  discover the causes of improvement. A knowledge of the causes 
might lead to a discovery of other additions which could lead to even grea te r  improve­
ment to the oxidation resis tance of this system. 

Additions of titanium to p alloys improve spa11 resis tance;  however, this improve­
ment is not reflected as any substantial lowering of metal  recession. This suggests 
that  the addition of titanium to aluminide coatings is not likely t o  be markedly advan­
tage ous . 

While silicon additions have no apparent effect on the oxidation of /3, they may be of 
long-time benefit in  a coating application. This benefit might occur in the final s tages  
of coating life, when the p has lost sufficient aluminum to  transform into y ' .  At this 
point, the silicon might appreciably extend the lifetime of the coating. 

Also of interest  to coating work is the deleterious effect of chromium on the oxida­
tion of p. This is especially interesting inasmuch as chromium is often added in  com­
merc ia l  coatings to  improve hot corrosion resistance.  It appears  that the benefits in hot 
corrosion will have to be carefully weighed against the losses  in oxidation resis tance.  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April  4, 1972, 
134-03. 
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